Background {#Sec1}
==========

Optical coherence tomography angiography (OCT angiography) was first reported by Makita et al. using Doppler OCT \[[@CR1]\]. OCT angiography is a novel technology allowing layer-specific visualization of normal chorioretinal vasculature and neovascularizations without the need for intravenously injected fluorescent dyes \[[@CR2]--[@CR5]\]. The visualization of normal vessels and pathological neovascularization using OCT angiography has been evaluated in different retinal or choroidal neovascular diseases such as chronic central serous chorioretinopathy, age-related macular degeneration, retinal vein occlusion, diabetic retinopathy, and retinal arterial macroaneurysms and also in different animal models. This facility of OCT angiography imaging has been described as a useful tool in the diagnosis and follow-up of such diseases \[[@CR3]--[@CR8]\].

Another promising aspect of OCT angiography, which could be very useful in clinical practice and for clinical and experimental research, is the ability to quantify blood flow. Various recent studies have evaluated flow density (FD) in normal subjects and in different retinal pathologies as well as pathologies of the optic nerve head \[[@CR9]--[@CR16]\].

In the past, OCT angiography and measurement of blood flow have usually been evaluated using the RTVue XR Avanti with AngioVue (Optovue Inc., Fremont, California, USA), while split-spectrum amplitude-decorrelation angiography (SSADA) was used to extract the OCT angiography information. A new development of the RTVue XR Avanti is the integration of an eye-tracking system (ET) with OCT angiography imaging. The newly introduced software update of this device enables the ET to be activated or deactivated on imaging.

The aim of the study was to evaluate the impact of integration of the eye-tracking system on the repeatability of flow density measurements.

Methods {#Sec2}
=======

This prospective study included 20 eyes of 20 healthy volunteers with no history of any ocular or systemic disease or ocular surgery. Before performing OCT angiography imaging, the study protocol was explained in detail and each participant signed an informed consent form. The study followed the tenets of the Declaration of Helsinki.

After performing slit-lamp biomicroscopy and funduscopy of the macula and the optic nerve head (ONH), all participants were asked to rest for five minutes. The macula was imaged using a 3 × 3 mm scan twice with and twice without activation of the eye-tracking system; the sequence (with ET and without ET) was randomly defined. *Flow density data of the macula in the superficial retinal OCT* angiograms (from the inner limiting membrane with an offset of 3 μm to the inner plexiform layer with an offset of 15 μm) and deep OCT angiograms (segmented with an inner boundary at 15 μm beneath the inner plexiform layer and the outer boundary at 70 μm beneath the inner plexiform layer) were extracted and analyzed.

OCT angiography {#Sec3}
---------------

The teleological principles of OCT-angiography have been described in detail in a number of previous studies \[[@CR3]--[@CR6], [@CR13]--[@CR15]\]. Briefly, OCT scans of a defined region of the retina or of the optic nerve head are performed several times, and the OCT images analyzed and examined for changes. Static tissue shows little or no change, whereas blood flow will result in changes between successive images \[[@CR17]\].

In the present study OCT angiography imaging was performed using the RTVue XR Avanti with AngioVue (Optovue Inc., Fremont, California, USA). The system has an A-scan rate of 70,000 scans per second, using a light source centered on 840 nm and a bandwidth of 45 nm. Each OCT angiography volume contained 304 × 304 A-scans with two consecutive B-scans that were captured at each fixed position before proceeding to the next sampling location. The SSADA algorithm is used to identify blood flow and to generate the OCT angiograms \[[@CR3]--[@CR6]\].

Only one eye of each participant was randomly included in the study. OCT angiography imaging was performed under the same setting by the same examiner in the same location, and only images with a signal strength index of ≥60 were included. In cases with significant motion artifacts or poor signal strength, the resulting OCT angiography image contains lines or gaps. Images with these artifacts were not included in the study.

Statistical analysis {#Sec4}
--------------------

Microsoft Excel 2010 was used for data management. Statistical analyses were performed using IBM SPSS® Statistics 23 for Windows (IBM Corporation, Somers, NY, USA). Data are presented as mean ± standard deviation, minimum and maximum. The mean of the two measurements before and after activation of the eye-tracking system were compared using t-tests for paired data. All *p*-values below 0.05 were considered significant.

In order to assess the repeatability between the first and second scan, the intraclass correlation coefficient (ICC(2,1)) as well as the coefficient of repeatability (CR) were calculated \[[@CR18], [@CR19]\]. A two-sided paired t-test was used to compare the coefficients of repeatability for measurements with and measurements without eye tracker for both the superficial and deep retinal OCT angiograms. For those two tests a Bonferroni correction was applied to adjust the *p*-values. Bland Altman plots were used to show the agreement between the two measurements for each subject. In these plots the difference of the two measurements is plotted against their mean. Since differences can be assumed to be normally distributed, one would expect 95% of the observed differences to lie within the limits of agreement (mean-1.96\*SD, mean + 1.96\*SD) \[[@CR20]\].

Results {#Sec5}
=======

20 eyes of 20 subjects were included in the study (age = 33 ± 2.5 (20--56) years). The differences between the flow density (whole en face) in the first session and second session with and without ET were statistically non-significant (with ET: superficial retinal OCT angiogram: first session: 54.4 ± 1.9; second session: 54.2 ± 2.1; *p* = 0.50; deep retinal OCT angiogram: first session: 59.8 ± 1.5; second session: 59.9 ± 1.5; *p* = 0.89; without ET: superficial retinal OCT angiogram: first session: 54.3 ± 2.0; second session: 54.4 ± 1,8; *p* = 0.81; deep retinal OCT angiogram: first session: 58.0 ± 3.3; second session: 58.9 ± 1.6; *p* = 0.24) (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}).Table 1Mean flow density ± SD; (min- max) in the superficial OCT angiogram for each session; AD: Mean of the absolute difference between the first and second session; p Val.: *P*-value (paired t-test); CR: coefficients of repeatability (95% confidence intervals) and ICC: intraclass correlation coefficient (95% confidence intervals) with and without eye trackerVessel density 1*p* ValueVessel density 2*p* ValueAD*p* ValueCR 95% CIICC 95% CIMean ± SD (min -max)with vs. without eye trackerMean ± SD (min -max)with vs. without eye trackerMean ± SDdensity 1 vs. density 2(lower limit-upper limit)(lower limit-upper limit)whole en facewith eye tracker54.4 ± 1.9 (51.3--56.8)0.7954.2 ± 2.1 (48.5--57.3)0.551.3 ± 0.90.503.07 (1.88--4.26)0.70 (0.37--0.87)without eye tracker54.3 ± 2.0 (49.0--56.6)54.4 ± 1.8 (51.5--58.0)1.3 ± 1.10.813.33 (2.04--4.62)0.62 (0.25--0.83)foveawith eye tracker32.7 ± 4.1 (23.7--38.3)0.6132.7 ± 3.9 (21.9--39.6)0.211.5 ± 1.20.983.88 (2.38--5.38)0.88 (0.72--0.95)without eye tracker33.0 ± 4.0 (22.8--41.1)33.2 ± 3.7 (22.6--38.6)1.4 ± 1.10.613.50 (2.15--4.86)0.89 (0.75--0.96)parafoveawith eye tracker56.2 ± 2.2 (52.5--60.0)0.7256.1 ± 2.4 (49.7--59.7)0.991.4 ± 0.90.743.37 (2.06--4.67)0.72 (0.41--0.88)without eye tracker56.1 ± 2.1 (52.0--59.1)56.1 ± 2.1 (52.2--59.9)1.5 ± 1.00.983.60 (2.20--4.99)0.62 (0.25--0.83)temporalwith eye tracker54.5 ± 2.3 (50.8--59.1)0.5054.5 ± 2.7 (48.2--58.1).0341.2 ± 1.10.973.31 (2.03--4.59)0.77 (0.51--0.90)without eye tracker54.8 ± 2.5 (50.1--58.2)54.9 ± 2.4 (50.9--59.5)1.8 ± 1.30.794.36 (2.67--6.05)0.59 (0.22--0.82)superiorwith eye tracker57.6 ± 2.4 (54.6--63.0)0.3657.6 ± 2.2 (53.5--61.0)0.441.4 ± 1.10.883.53 (2.17--4.90)0.69 (0.36--0.86)without eye tracker57.2 ± 2.4 (52.0--61.0)57.1 ± 2.9 (51.6--62.6)1.5 ± 1.30.823.92 (2.40--5.44)0.72 (0.41--0.88)nasalwith eye tracker55.1 ± 2.6 (50.3--59.9)0.7554.3 ± 2.4 (48.6--58.3)0.171.5 ± 0.80.043.10 (1.90--4.30)0.81 (0.57--0.92)without eye tracker54.9 ± 2.8 (49.9--58.8)55.0 ± 2.0 (51.2--59.1)2.5 ± 1.70.896.01 (3.68--8.33)0.18 (− 0.27--0.57)inferiorwith eye tracker57.8 ± 2.7 (52.0--61.6)0.4757.5 ± 3.5 (47.3--62.0)0.741.9 ± 1.40.694.65 (2.85--6.45)0.71 (0.39--0.87)without eye tracker57.5 ± 2.7 (53.2--61.6)57.3 ± 2.9 (49.9--61.8)2.4 ± 1.80.785.94 (8.25--3.64)0.40 (− 0.04--0.71) Table 2Mean flow density ± SD; (min- max) in the deep OCT angiogram for each session; AD: Mean of the absolute difference between the first and second session; *P*-value: paired t-test; CR: coefficients of repeatability (95% confidence intervals) and ICC: intraclass correlation coefficient (95% confidence intervals) with and without eye trackerVessel density 1*p* ValueVessel density 2*p* ValueAD*p* ValueCR 95% CIICC 95% CIMean ± SD (min -max)with vs. without eye trackerMean ± SD (min -max)with vs. without eye trackerMean ± SDdensity 1 vs. density 2(lower limit-upper limit)(lower limit-upper limit)whole en facewith eye tracker59.8 ± 1.5 (56.8--62.5)0.0259.9 ± 1.5 (57.7--62.8)0.011.4 ± 1.00.893.51 (2.15--4.86)0.3 (−0.15--0.65)without eye tracker58.0 ± 3.3 (48.2--62.2)58.9 ± 1.6 (54.6--61.3)2.1 ± 3.00.246.92 (4.24--9.60)0.07 (− 0.37--0.49)foveawith eye tracker31.1 ± 5.8 (20.9--43.7)0.7431.4 ± 5.2 (22.1--45.2)0.901.6 ± 1.10.493.79 (2.32--5.26)0.94 (0.85--0.98)without eye tracker31.3 ± 5.5 (21.7--44.2)31.3 ± 5.9 (18.7--45.6)2.6 ± 2.10.986.59 (4.04--9.15)0.83 (0.61--0.93)parafoveawith eye tracker62.6 ± 1.6 (60.1--65.8)0.0162.5 ± 2.0 (58.6--65.4)0.021.4 ± 1.10.813.56 (2.18--4.94)0.50 (0.08--0.77)without eye tracker60.7 ± 3.3 (53.4--65.6)61.6 ± 2.1 (56.9--64.5)2.2 ± 2.30.226.07 (3.72--8.42)0.37 (− 0.08--0.69)temporalwith eye tracker60.7 ± 2.3 (55.5--64.5)0.3560.8 ± 2.2 (57.1--65.6)0.822.0 ± 1.60.865.11 (7.09--3.13)0.33 (− 0.12--0.67)without eye tracker59.9 ± 3.1 (52.4--65.1)60.9 ± 2.3 (57.1--64.8)2.3 ± 2.40.186.20 (3.80--8.60)0.35 (− 0.10--0.68)superiorwith eye tracker64.0 ± 1.8 (60.6--69.0)0.0164.4 ± 1.8 (60.0--67.6)\< 0.011.7 ± 1.20.484.13 (2.53--5.73)0.49 (0.08--0.76)without eye tracker62.0 ± 3.7 (54.4--68.0)62.5 ± 2.6 (56.9--66.1)1.9 ± 2.20.435.74 (3.52--7.97)0.57 (0.19--0.81)nasalwith eye tracker61.6 ± 1.6 (58.2--63.4)0.0161.0 ± 2.1 (56.9--63.9)0.531.5 ± 1.10.143.43 (2.10--4.76)0.55 (0.16--0.80)without eye tracker59.2 ± 4.2 (50.7--65.0)60.6 ± 3.0 (53.9--67.6)3.6 ± 3.30.199.22 (5.65--12.79)0.16 (− 0.29--0.55)inferiorwith eye tracker64.2 ± 1.8 (60.5--67.9)0.0564.2 ± 2.6 (57.8--67.9)0.011.8 ± 1.60.994.71 (2.88--6.53)0.41 (− 0.03--0.72)without eye tracker61.9 ± 5.3 (45.0--69.4)62.4 ± 2.8 (53.6--66.4)3.6 ± 4.30.6811.07 (6.78--15.35)0.11 (0.34--0.52)

The flow density, the mean of the absolute difference (AD) between the first and second session, the CR and the ICC for the two sessions with and without ET are shown in Table [1](#Tab1){ref-type="table"} (superficial retinal OCT angiogram) and in Table [2](#Tab2){ref-type="table"} (deep retinal OCT angiogram). There was no significant difference in the coefficients of repeatability (CR) for measurements with and without ET in the superficial retinal OCT angiogram (adjusted *p*-value = 0.176), whereas for the deep retinal OCT angiogram, the CR for measurements with ET was significantly lower than for measurements without ET (adjusted *p*-value = 0.008).

Bland-Altman plots for the superficial (Fig. [1](#Fig1){ref-type="fig"}) and the deep (Fig. [2](#Fig2){ref-type="fig"}) retinal OCT angiograms demonstrate the agreement between the two sessions for measurements with and without eye tracker.Fig. 1Bland-Altman plots showing the level of agreement for the superficial retinal layer with and without eye tracker. Blue line represents the mean difference; black lines represent the limits of agreement Fig. 2Bland-Altman plots showing the level of agreement for the deep OCT angiogram with and without eye tracker. Blue line represents the mean difference; black lines represent the limits of agreement

Discussion {#Sec6}
==========

OCT angiography is a noninvasive imaging technique that enables visualization of retinal vessels in the superficial and deep vascular plexuses without intravenously injected dye. A very interesting feature of OCT angiography is the possibility of blood flow quantification in the different retinal layers. The quantification of retinal or choroidal blood flow and the analysis of repeatability and reproducibility of blood flow measurements have attracted increasing interest over the last two years. The new approach has been described, using various OCT angiography devices, in healthy subjects and in patients with different ocular and systemic diseases \[[@CR9]--[@CR16], [@CR21]\].

The split-spectrum amplitude-decorrelation angiography (SSADA) algorithm is used by the RTVue XR Avanti to extract the OCT angiography information. This device is used to visualize retinal or choroidal vessels and to quantify blood flow in the macula and in the optic nerve head without using an eye-tracking system, and a number of studies in the literature have evaluated its utility \[[@CR9], [@CR10], [@CR12]--[@CR17]\]. New software provided with the device enables activation of an ET. In the study presented here, we evaluated the repeatability of flow density measurements and the impact of the eye-tracking system on the repeatability of FD measurements in the different retinal layers. Especially in the deep OCT angiogram, integration of the ET in the RTVue XR Avanti device while performing OCT angiography imaging has improved the repeatability of quantification of blood flow measurements.

Coscas et al. evaluated the repeatability and reproducibility of FD measurements using the Optovue device. In this study, evaluation of the FD measurements of 135 eyes of 70 subjects (aged 19--66 years) demonstrated high inter- and intra-examiner repeatability and interexaminer reproducibility. The ICCs of FD measurements were not statistically significantly different between the two sessions or between the two examiners in either the deep or superficial capillary plexuses \[[@CR9]\]. Al-Sheikh et al. presented a study with a similar design on 41 eyes of 21 healthy subjects (age: between 18 and 90 years old) for the NIDEK RS-3000 Advance device \[[@CR11]\]. The CR and CV measurements in these studies are comparable to our findings, although the ICCs measured by Al-Sheik et al., especially in the deep OCT angiogram, were higher than those obtained by us. The ICC is the ratio of the intersubject component of the variance to the total variance. The higher the ratio, the better the repeatability; the variability of measurements is primarily the result of interindividual differences \[[@CR22]\]. The differences in ICCs between these studies may be explained by the different numbers of subjects, the differences in subject age or by the inclusion of both eyes of the same subject in the evaluations reported by Al-Sheikh et al. and Coscas et al. Analysis of the Bland-Altman plots and CR readings in these studies are comparable to our results and demonstrate good repeatability of vessel density measurements with OCT angiography in healthy subjects \[[@CR9], [@CR11]\].

Our study was also designed to evaluate the impact of the eye-tracking system on the repeatability of the flow density measurements. On examining the Bland-Altman plots with and without eye-tracking, a considerable improvement in repeatability is apparent in the deep OCT angiogram and would be of importance when evaluating flow density in a specific sector. The difference in the CR between measurements with and without eye tracking was also only significant for the deep retinal OCT angiogram.

Different studies in the literature show that the repeatability of FD measurements in the superficial retinal OCT angiogram was higher compared with the deep OCT angiogram \[[@CR11], [@CR23]\]. This finding might be related to the higher resolution and image quality of the superficial plexus compared to the deep plexus. Fenner et al. found that different factors affected repeatability of FD in the deep retinal OCT angiogram including low visibility of fine vessels or the presence of motion artefact \[[@CR23]\]. The ET technology offers an improved image quality in OCT-A imaging regarding presence of motion artifacts \[[@CR24]\]. This would explain the more pronounced improvement in the repeatability of FD described in our study.

The FD in the deep retinal OCT angiogram was found to be altered in different ocular diseases such as glaucoma, adult-onset foveomacular vitelliform dystrophy or in patients with retinitis pigmentosa \[[@CR25]--[@CR27]\]. The OCTA technology is still in its infancy; improved repeatability of OCTA metrics would encourage ophthalmologists to evaluate this metrics in different diseases and to use them in daily clinical practice.

As our study was carried out on healthy subjects with high quality images, the impact of the eye-tracking system on the repeatability of flow density measurements in patients with different retinal diseases remain to be evaluated in further studies. The eye-tracking system will be even more valuable in such cases, due to the challenges related to poor patient fixation and motion artifacts \[[@CR17]\].

OCT angiography technology is still under development and the integration of the eye-tracking system has an impact on the repeatability of the blood flow measurements. This needs to be considered when comparing data of different studies using the same device or comparing measurements obtained with different OCT angiography equipment.

Conclusions {#Sec7}
===========

In conclusion, the integration of the eye-tracking system improved the repeatability of flow density measurements especially in the deep OCT angiogram. This should be taken into consideration when evaluating the long-term changes of flow density and comparing data from different studies and different devices. In evaluation of the long-term changes of flow density measurements in the deep OCT angiogram, it is advisable to activate the eye-tracking system.
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